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Abstract 
ZnO photoelectrodes modified by two-steps coating-etching process with chemical wet etchants for dye-sensitized 
solar cell were investigated. The ZnO films were coated on a fluorine-doped tin oxide glass substrate and etched by 
mixed acid solution of HCl:HNO3:distilled water, washed, and thermally treated for the first step. The second step, 
films coating process was repeated and etched by base solution of diluted NH4OH in distilled water. Surface 
morphologies of unmodified and modified ZnO films look similar DSSCs with modified photoelectrodes showed 
efficiency enhancement with maximum power conversion efficiency of 2.29%. From EIS analysis, it was suggested 
that the fill factor plays an important role on enhancement of power conversion efficiency. The fill factor increased 
due to the formation of pores structure in the photoelectrodes during etching process. 
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1. Introduction 
Conventional dye-sensitized solar cell (DSSC) composed of three main parts included photoelectrode, 
counterelectrode and electrolyte. Wide band gap semiconductor is generally coated on transparent 
conducting oxide films (TCO) to form as the photoelectrode. TiO2 and ZnO are mostly reported in DSSC 
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due to stability and simple for synthesis. The role of photoelectrode consists of dye adsorption media, 
collecting injected electron from excited dye and transporting the electron through to external load. 
Counterelectrode acts as accelerator to collect the electron from the load and bring electrolyte. The 
electrolyte acts as redox mediator for regeneration. The photoelectrode is focused as an important part 
because it looks like electron generator of the device. Surface modification techniques can be used to 
improve the photoelectrode such as plasma treatment, sparking process and etching process [1-3]. The 
etching process is a simple, low cost and there are lots of etchants that can be used. In addition, reaction 
rate can be simple control by concentration or etching time. To enhance the device, solar cell factors 
included short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor (FF) are investigated 
[4].These factors are long time investigation to enhance power conversion efficiency (PCE). The Jsc is 
directly related to amount of dye adsorption and collection efficiency in metal oxide films, and injection 
efficiency in dye molecules which are internal properties of the devices. The amount of dye adsorption 
can be increased by simple method such as increase thickness of photoelectrode or increase porosity [5]. 
Voc can be improved by modify energy difference between Fermi level (EF) of metal oxide and redox 
potential (Eredox) of electrolyte [6,7]. It can be improved by simple doping of metal to promote Fermi level 
of semiconductor. FF is generally relating to internal resistance of the cell and it can improve by 
enhancing the rate of charge transport and regeneration [8].The increased Jsc is rationality expected by 
increase dye adsorption supported by thick photoelectrode. However, the thicker photoelectrode will 
derogate carrier mobility affecting more electron scattering. In addition, electron regeneration from 
electrolyte to oxidized dye will be slow down due to aggregate particles. These effects lead to reduction of 
FF [9]. To solve this effect, aggregate particles will be removed to form as porous photoelectrode. The 
pores structure will make single pathway direction for faster electron transport. Moreover, the increased 
ZnO/dye/electrolyte interfaces due to the pores will encourage faster electron regeneration [10].  
In this work, ZnO photoelectrodes modified by two-steps coating-etching process with chemical 
etchants for DSSCs and their photoconversion properties were investigated. The two-steps coating-etching 
process include two-steps coating process and two-steps etching process. DSSCs with modified 
photoelectode showed efficiency enhancement by increasing of FF and can be attributed to formation of 
pores structure in ZnO films during etching process. 
2. Experimental procedure 
Polyethylene glycol (PEG) was mixed into distilled water with 10% w/v and stirred at room 
temperature for 2 h. 5 g ZnO nanoparticles were added into 12 ml PEG solution and stirred for 24 h to 
form ZnO paste. ZnO films were prepared and modified by sequential two-steps coating-etching process 
as shown in Fig. 1. The first step, ZnO bottom films (ZBF) was coated on fluorine-doped tin oxide (FTO) 
glass substrates, annealed at 400 oC for 1 h. After annealing, the films were etched by mixed 
HCl:HNO3:distilled water in volumetric ratios of 0.7:0.3:44 (acid solution) for 10 s, rinsed by flow 
distilled water and annealed at 120 oC for 30 min. The second step, ZnO past was repeated coated on ZBF 
and annealed form as ZnO top films (ZTF) and etched by diluted NH4OH (base solution) for 1, 2 and 3 
min form as modified photoelectrode. Photoelectrodes were immersed in dye solution (N719) for 1 h, 
rinsed with ethanol and dried in air. The photoelectrode was placed facedown onto counterelectrode and 
sealed, liquid electrolytes were injected into electrodes gap. To evaluate the modified photoelectrode, 
one- and two-steps coated films without any etching were prepared as references. Surface morphology 
was observed by field emission scanning electron microscopy (FE-SEM), and pores areas were analyzed 
by Image-J software [11]. Photovoltaic characteristics were measured under standard illumination 
(AM1.5) from solar simulator. Electrochemical impedance spectroscopy (EIS) was measured under dark 
with constant forward bias of -0.8V. The EIS parameters were investigated using Z-view software under 
general equivalent circuits as described at elsewhere reports [12,13]. 
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Fig. 1. Schematics diagram of two-steps coating-etching process. 
3. Result and discussion 
Surface morphologies of ZnO films and two-steps textured films with acid solution for 10 s and base 
solution for 1, 2 and 3 min are shown in Fig. 2. The microstructures with some pores are observed and 
they look similar for unmodified and modified films. However, from Image-J software analysis it was 
found that calculated pores area (Ap) of ZnO films is the minimum value of 45.6%. After surface 
modification, the areas are increased in ranks of 50.5-51.7%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. FE-SEM images of (a) ZnO films, and modified by two-steps coating-etching process with acid 
solution for10 s and base solution for (b) 1 min, (c) 2 min and (d) 3 min. 
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Current density-voltage (J-V) characteristicis measured under standard illumination as shown in Fig. 3. 
In addition, photovoltaic parameters are summarized in table 1. In comparison between one- and two-
steps coated films, two-steps coated films showed greater Jsc than one-step coated films as expectation. 
Increase in Jsc is due to increased dye adsorption supported by thicker films. However, there is poor in FF 
because aggregation of ZnO particles might derogate carrier mobility of electron transport and 
regeneration. This inconsistent resulting PCE is small enhanced from 1.91% to 2.05% for one- and two-
steps coated films, respectively. Although the two-steps coated films can increases Jsc, but performance is 
not much increased. After modify by two-steps coating-etching process, Jsc showed small decreased. The 
result indicated that thickness is decreased because ZnO particles are removed during etching process. FF 
showed rapidly increased and reached maximum value of 0.52 for base solution etching time of 1 min and 
enhance maximum PCE of 2.29%. The increase in FF can be attributed to the faster electron transport 
and regeneration. These results suggested that Jsc and FF can be improved by two-steps coating-etching 
process. 
 
Fig. 3. J-V characteristics of DSSCs fabricated on unmodified and modified photoelectrodes. 
 
Table 1. Photovoltaic parameters of fabricated DSSCs. 
Films 
Jsc 
(mA/cm2) 
Voc 
(V) 
FF 
PCE 
(%) 
One-step coated films 6.40 0.61 0.49 1.91 
Two-steps coated films 8.16 0.58 0.43 2.05 
Modifed photoelectrode (acid 10s/ base1min) 7.75 0.57 0.52 2.29 
Modifed photoelectrode (acid 10s/ base 2 min) 7.57 0.57 0.51 2.20 
Modifed photoelectrode (acid 10s/ base 3 min) 7.43 0.58 0.51 2.21 
 
Electrochemical impedance spectroscopy was used to investigate internal electrochemical 
characteristics. The two-steps coated film was used as a reference to evaluate performance of DSSCs 
based on modified photoelectrodes. EIS spectra were showed in Fig. 4(a) and were fitted by Z-view 
software under general equivalent circuits. In addition, The EIS parameters are summarized in table 2 
including electron life time (W) which response to peak frequency (fpeak) according to Bode-phase plots as 
shown in Fig. 4(b).W is calculated as in a following equation [2]; 
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Generally, recombination can be observed in term of charge transfer resistance (RCT). Large RCT is 
required which means low recombination, the injected electrons in conduction band of ZnO is hardly 
recombined with oxidized dye or electrolyte. According to Nyquist plots, RCT can observe at the large 
semi-circle. The simulated RCT for DSSC fabricated on two-steps coated films showed the largest value of 
150.7 : indicated the lowest recombination. On the other hand, recombination is slightly increased for 
DSSCs fabricated on modified photoelectrodes according to decreased RCT which is not good for DSSC 
[14]. The increased recombination in this work can be described as increased interfacial contact and 
surface defect due to etching process [15]. However, small increased recombination is not much affecting 
to internal electron transport because the calculated Wis not changed according to constant fpeak of 4 
Hz.The constant Wattributed that duration of electron movement in conduction band of ZnO is not 
changed after injected from excited dye.  
Decrease in RPt indicated faster charge migration across Pt-electrolyte interfaces and through to 
regenerate with oxidized dye. Regeneration may be occurred immediately after charge migrated to 
oxidized dye. Moreover, the increased pores area from morphologies results suggested that regeneration 
rate may be faster due to increased ZnO/dye/electrolyte interfaces. The pore position will reduce the 
pathway for electron scattering and increase probability of forward electron transport. These results can 
lead to an improvement in the FF and exhibits a good agreement with photovoltaic characteristics results. 
In addition, small increase of Rs can be generally described by increased resistance of FTO due to etched 
surface during etching process. 
 
Fig. 4. (a) Nyquist plots and the insert figure of the equivalent circuit, (b) Bode-phase plots. 
 
Table 2. EIS parameters of fabricated DSSC fitted by Z-view software. 
Films 
RS 
(:) 
RCT 
(:) 
RPt 
(:) 
fpeak 
(Hz) 
W 
(ms) 
Two-steps coated films 15.4 150.7 26.9 4 39.8 
Modifed photoelectrode (acid 10s/ base 1 min) 16.4 138.4 21.8 4 39.8 
Modifed photoelectrode (acid 10s/ base 2 min) 16.5 139.7 17.5 4 39.8 
Modifed photoelectrode (acid 10s/ base 3 min) 19.8 131.3 16.5 4 39.8 
4. Conclusion 
The two-steps coating-etching process was successfully used to modify phoelectrodes and power 
conversion efficiency of ZnO dye-sensitized solar cell is enhanced. The DSSCs at optimum condition 
with modified photoelectrodes showed maximum power conversion efficiency of 2.29%.Short-circuit 
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density is slightly decreased as increase of etching time. From EIS analysis, it was suggested that the fill 
factor plays an important role on enhancement of power conversion efficiency. The fill factor increased 
due to the formation of pore structure in ZnO films during etching process. 
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